Abstract: Main task of this study is to fulfill numerical modeling and analysis of a labyrinth seals, which have geometry quite different than the ones applied up to now. The challenge was to arrive to a design for a seal that has good sealing properties, ease manufacturing, can sustain higher stress loading and perform increased loss of kinetic energy, as the idea is to stop the leaks. The fulfilled numerical analysis shows that the proposed geometry leads to high decrease of leakage flow rates and thus contributes to possibility to increase the efficiency performance of turbine stages as part of a propulsion system.
Introduction
Turbines are widely applied in marine propulsion, aircraft propulsion, power plants and other industrial areas. In recent years, the power requirements are significantly increasing, leading to the need of enhanced power, delivered by the turbine and higher efficiency.
It is well known that there exist losses of working fluid through axial and radial gaps in turbomachines, leading to less efficiency. It is stated in [1] that every 1% decrease in leakage flow through a high-pressure gas turbine seals would result in a 0.4% decrease in the specific fuel consumption. Last mentioned is a prerequisite to decreased fuel consumption and lead to higher economical benefits.
Last decades, a number of solutions have been found and applied to overcome those losses of working fluid in gas and steam turbines. One of those solutions is to use so called labyrinth seals as an obstacle on the way of flow leakages.
Placing labyrinth seals into these gaps leads to reduced leakage mass flow, thus increase the efficiency. In fig. 1 some examples of labyrinth geometries are shown [2] . The labyrinth seal arrangement at the blade tip consists of an inlet cavity, a series of closed cavities and an exit cavity. The size of the cavities can be relatively large in comparison to the blade size and channel height. This is in order to allow for the axial displacement of the rotor due to thermal growth or axial thrust variations.
The range of seals employed up to date can be classified into two categories -contact and non-contact seals [3] . Labyrinth seals are part of the group of non-contact seals. They are applied in steam and gas turbines and provide simple, but comparatively efficient sealing effect [5] [6] [7] [8] .
The labyrinth seals are as obstacle for the incoming flow of flow leaks passing through the seal. This results in significant kinetic energy dissipation in the form of turbulent vortices.
The labyrinth seals have advantages such as low maintenance, simple design, and efficient work, among others. One very important advantage is their long operational life due to their non-contacting nature of operation. Various groups of labyrinth seals based on their design and arrangement on the blades tips and on the rotor, are discussed in [3, 4, 6] .
Predicting leakage flow in labyrinth seals dates back to Egli [9] , who provided a rational theoretical treatment of the labyrinth problem based on the flow characteristics typical for a sharp edged orifice. In [10] is presented a fluid mechanics approach to the labyrinth seal leakage problem. Many efforts were performed to reduce the leakage mass flow and to improve seals characteristic, [12, 13, 14] . In these works are found and applied for research various empirical discharge coefficients for investigation of different labyrinth seal geometries and applications. Great contribution to the theory of labyrinth seals is provided in [15] and in the review study presented in [16] .
In next 3 decades scientists worked to accumulate test data [9, 18, 19] in order to obtain reliable prediction tools, for flows in seals, based on experimental data [19, 20, 21] . It was proved that analytical models to predict seals performance satisfactory remain difficult to set up. Thus, testing rigs for seal performance is still applied for research purposes, [22] .
In last years, together with the development of the CFD techniques, many computational research works were [23] [24] [25] [26] [27] [28] .
In research works discussed in [29, 30, 31] scientists arrived to elaboration of new configurations for the labyrinth seal. Their characteristics were studies [31, 32, 33] , and the obtained results show that a good configuration of a seal should be able to provide high rate of kinetic energy dissipation.
Based on the literature survey and our experience, it is clear that the effort to enhance the performance of the labyrinth seal would have to be either on developing a new configuration or improving the existing designs.
This research is targeted to design and numerical analysis of a labyrinth seal, which has geometry shown in fig.2 . The effort is to attain a seal that has good dynamic sealing properties, higher compliance with the shaft, simple geometry for manufacturing and maintenance, create as high as possible vortex structures and loss of kinetic energy in order to stop the flow of leaks passing through the sealed places of turbine stages. It is known that the shaft of a turbine exhibits modal and stress loads. As a result, there are instances of the impingement of the shaft on the labyrinth seal elements, thus permanently deforming them [3] . That is why seal elements must be designed to resist those loads and operate at maximum efficiency. However, it would be envisaged as future work after a design compatible with above mentioned features, is attained.
Problem set-up

Geometry and numerical set-up
The purpose of current research is 3D modeling and analysis of labyrinth seal consisted of quadrilateral cavities, fig. 2 , which will be implemented to a turbine stage, part of energetic system. The idea of such design is to reduce leakage of fluid by increasing the amount of energy lost through the various mechanisms of energy dissipation in the seal cavitiesturbulence, circulation, flow-stagnation, etc.
The labyrinth seal geometry is fulfilled in Gambit, with discretization grid, highly refined around streamed walls. The total number of finite volume elements is 135 889.
As work fluid is imposed steady, turbulent and viscous fluid. At the labyrinth seals inlet is imposed boundary zone of type "pressure-inlet", at the outlet -"pressure -outlet". Values of boundary conditions were obtained after a preliminary research of a turbine stage with rotating rotor blade and analysis of results, related to:  Flow parameters distribution through the stage and especially at the region of the radial gap, fig. 3 ;  Secondary flows through the radial gap, fig. 4(a,b) .
All walls of the quadrilateral cavities are imposed of boundary type "wall" with no-slip boundary conditions. Bottom wall of the flow domain under consideration is of type "wall" but with defined rotational velocity of 1500 rpm, [34] .
Constant mass flow rate of leak is imposed in the flow direction. Parameters of leak, flow parameters at inlet and outlet of the labyrinth seal volume are defined after a preliminary analysis of turbine stage, with radial gap, working under definite conditions [34] . 
Mathematical Model
Reynolds averaged Navier-Stokes (RANS) equations are applied to acquire the flow dynamics features of the flow field. RANS equations are as follows: -continuity equation:
(1) -momentum equation:
(2) Turbulence model equations are described in [11] . Discharge coefficient describes the real behavior of the seal under consideration and is calculated by eq. (3)
The discharge coefficient depends on the pressure ratio, number of used seals, leakage mass flow rate. The flow through an ideal labyrinth seal is eq.(4), [17] :
]} (4) where: Ap in -is the gap inlet area; Tin -temperature at inlet; Pout-static pressure at outlet; Pin -static pressure at inlet; m leakage -leakage mass flow rate.
Velocity magnitude decreases from inlet to the outlet as the flow passes through the number of seal cavities, fig. 6 (a) and fig.5(a) . Velocity values at the inlet of the labyrinth seal are 54.8m/s and at the outlet values of magnitude are around 20m/s. Realized decrease in kinetic energy of flow is around 60%. In the same time minimum values of turbulent kinetic energy decrease from inlet to outlet, fig. 6(b) ; the stream lose part of its velocity due to intensive vortex structures and drag effects in cavities of seal chambers, fig. 5(a,b) .
Imposed rotational velocity of 1500rpm [34] impacts vortices' distribution in the entire chamber domain, see in fig.  5(a) . A significant part of leakage kinetic energy is lost to maintain the vortex structures. At the outlet leakage is characterized with decreased kinetic energy, leading reduction in its flow rate. In addition, a research on how change in rotational velocity and pressure ratio (pressure at outlet/pressure at inlet) impacts the leakage flow ratio is accomplished. The analysis showed that computed leakage flow rate increases with increasing the pressure ratios calculated for the inlet and outlet and decreases a bit with imposed increase in rotational velocity.
Conclusions
A three-dimensional RANS solution was accomplished to model and analyze the impact of new labyrinth seal geometry on the possibility to decrease leakage flow rates. The geometry under consideration is simple, easy to manufacture and assemble to the shaft and blade tips.
The proposed design leads to increased vorticity levels in the cavities and decrease of flow rates through the labyrinth seals domain, hence contribute to higher efficiency of turbomachines. Future work is to implement the proposed labyrinth seals into a turbine stage as part of propulsion system and to accomplish a numerical analysis for the entire aerodynamic performance. 
